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? 1.1: Electronic ground state of O2 molecule.
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ET-Q = 2J; (2.9)
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? 2.1: (a) Energy levels of the spin S = 1 dimer located in magnetic fields. Only the states of S z = +1
for triplet and S z = +2 for quintet are shown. (b) Magnetization curve of the spin S = 1 dimer at T = 0.
????? 2.1(a)??
?????????????????????? 2.1(a)???????????????????
????????????????????????????????????????????
gBS zB?????????????????? B = J=gB?????????B = 2J=gB????
????????????? 2.1(b)???????????????????????? S = 1??
??????????????????????????????????????
2.2 ?????????????????????????
??????????? 1.1 ??????????? 3 g ?????????? S = 1 ????
?????????????????????????????????????????????
?????????????????????? [12]????? [13]?????????????
????????????????????????????? [14]????????????
?????????????????????????????????????????
[15,16]??????????????? CPL-1?coordination polymer 1 with pillared layer structure?
?? 2.2??????????????????? 2.3?????????????????????
??????????????????????????S = 1????????????????
????? [16–18]?????????? Cu-CHD?Cu-trans-1,4-cyclohexanedicarboxylic acid???
????????????????????????????????? [19]?CPL-1? Cu-CHD?
?????????????????????????????????????????????
???????????????????????????? [15–19]????????? [20, 21]
?????????????
CPL-1? Cu-CHD??????????????? 2.4, 2.5????10 T??????????
?????????????????????????????????????????????
???????????????? [21]???????????????????????????
???????????????????????????? S = 1??????????????
??????
????????????????????????????????????????????
???????????????? ES-T ? ET-Q ?????????????????????
?????????????????????????? 2.4?2.5???????????????
????????????????ES-T?ET-Q??????? 1:1??????????????
8 ? 2? ???????????
? 2.2: Schematic representation of CPL-1 (white framework) with
adsorbed O2 (red danbels) from dierent angles [16].
? 2.3: Arrangement of O2 in the
nanochannels of CPL-1 [18].
? 2.4: Magnetization curve of O2 adsorbed in
CPL-1. Temperature dependence and their fit-
tings are shown with gap parameters [17].
? 2.5: Magnetization curve of O2 adsorbed in
Cu-CHD. Fitting curve is also shown with gap
parameters [19].
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? 2.6: (a) Energy levels assuming that the spin gaps are ES-T = ET-Q = J. Only the states of S z = +1
for triplet and S z = +2 for quintet are shown. (b) Expected magnetization curve for (a) at T = 0.
? 2.7: Schematic molecular align-
ments [22].
? 2.8: Intermolecular potentials for each geometries and spin states,
singlet (solid), triplet (dotted), and quintet (broken) [23].
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? 2.9: Orientational depenedence of the exchange constant J at R = 6:0a0 [27]. The dashed curve is the
result of Ref. [29].
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? 2.10: Schematic orbital overlapping for S, H, and X geometries.
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??????? [34]?
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???  ??? O2 ????????????????????????????? [41–43]?
????????????????????????????????????????????
??????????????????????????????????????? 100 T ??
3.1 ????? 13
? 3.1: P-T phase diagram of oxygen summarized by
Freiman [4].
? 3.2: P-T phase diagram of oxygen around
the  phase at high temperature [34].
? 3.3: Crysral structure of  phase of
solid oxygen, C2=m [4]. ? 3.4: Crysral structure of  phase of solid oxygen,
R3m [4]. Trigonal (a) and monoclinic (b) unit cells.
???????????????????????????????????????????? 
????????????????????????????????????????????
14 ? 3? ????????????
? 3.5: Crysral structure of  phase of solid
oxygen, Pm3n [4].
? 3.6: Crysral structure of  phase of solid
oxygen, Fmmm [4].
? 3.7: Crysral structure of  phase of solid
oxygen, C2=m [37]. ? 3.8: Crysral structure of  phase of solid
oxygen, C2=m [42].
? 3.9: Crysral structure of  phase of solid oxygen,
P63=mmc [44].
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??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????????????????????
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 ??????? ?????????? Pm3n??
??? 3.5??????? A15?????????????????Nb3Ge?Nb3Sn???????
???????????? 8??????????2?????????????????????
??????? 6?????????????????????????????????????
?????????????????????????????????????????????
??????????????? 2?????????????????????????????
????????????????????????????????????????? [6]??
?????????????????????????? H?????????????????
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?????????????????????????????????
??????translationally ordered, orientationally disordered?????????????????
?????????????????????????????????????????????
???????????????????????????????
?? 43.8 K?????  ??????????????????????????????
?? R3m????? 3.4?????? c???????????????????????????4
? 3.10: Liquid oxygen at-
tracted by the magnet.
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? 3.11: Molar magnetic susceptibility of liquid and gaseous oxy-
gen [46]. Solid and dotted lines show the experimental values and
Curie’s law, respectively.
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? 3.12: Deformation from  to  phase
of solid oxygen. Side and top views [6].
? 3.13: Temperature dependence of the magnetic sus-
ceptibility of liquid and solid oxygen [4].
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-?????????????????
??????????????? [52]????????????????????????????
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-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3.2.1 ???????
???? 1980?????????????????????????????????????
????????????? [6]?????????????50 T???????????????
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? 3.14?????????50 T????????????????????? ??????
????????????????????????????? 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? 3.14: Magnetization curves of solid oxygen , , and  phases [6].
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? 3.15: Electronic states of O2, 3 g ,
1g, and 1+g . Only 1g orbital is shown.
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? 3.16: Energy diagram of the bimolecular absorption.
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????????????????????????????????????????????
?????????????????????????????????????????????
?????????????????????????????????????? [59, 66]?
? 3.16??????????????????????????????? 1g?1+g ?????
??????????????2????????? 1g1g?1g1+g?1+g 1+g ??? 3?????
??????????????????????????????Red series?RS, 11gg, 1.98 eV??
Blue series?BS, 1g1+g , 2.60 eV??Violet series?VS, 1+g 1+g , 3.27 eV?????????????
???? RS??????????????????????????????????
? 3.17?????????????????????????????RS?BS?VS?????
???????????????????0-0?0-1?0-2???????????????????
????????? vibronic replica ????????????????????? 1400 cm 1??
???????????????0-1?0-2????????v???????? vibron??????
?????????????? 1400 cm 1 ??????????????????????????
??????????????????????phonon? libron???????????????
?????????? [59, 62–64]?
vibronic replica ?????? v ?????????????????????????????
BS ????? v ??????????????????????RS ? VS ????? 0-1 ???
0-0????????????????????????? 3.17?????????????????
?????????????? [51, 60, 62]????????????????? 3 g 3 g ????H
????????????????????????????????????? D2h ?????
????????????????????????????????????BS???????
?????????????1g1+g?????????????????????????????
?????? [60]???? RS?1g1g?? VS?1+g 1+g???????????????????
????????????????????vibronic replica??????????????????
??????????????? 3.18????????????? C2v??????????????
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Red series
Blue series
Violet series
? 3.17: Bimolecular absorption spectra of solid oxygen  phase [60]. RS, BS, and VS are shown in
each columns.
(0-0) (0-v)2hD 2vC
intramolecular
vibration
x
y
z
? 3.18: Symmetry lowering of O2 dimer from D2h to C2v induced by intramolecular vibration.
??? RS? VS?? 0-0??? 0-1????????????????0-1??????????
vibronic replica???????v?????????????????
? 3.17????????????????? ?? 5 K??????????????????
N2 ? 15%???????????????????N2 ???????????????????
????????????????????????????????????????????
????????????????????????? RS ? VS ? 0-0 ?? 150 cm 1?????
?????? 75 cm 1 ????????????????????? 75 cm 1 ?????????
?????? ?????????????????????????????????????
? [60]??????????????????????????????? 75 cm 1 ???????
????????????RS? VS? 0-0????? 75 cm 1 ?????????????????
???????????????? magnon???????????????????? [60]?2?
? magnon????????????????????????????????????????
???????????????? 75 cm 1 ????????????????
?????????????? RS 0-1????????? 16 T???????????????
?????? [61]?RS 0-1???????? 3.19-3.20??????????????? 3????
?????????????????????????????????????? [62]?RS??
???? 1g1g ???????????????????? Lz = 2?????????????
????????? Lz = 4; 0??????????????????????????????
???????3???????????????????
20 ? 3? ????????????
RS(0-1)
? 3.19: Orbital Zeeman splitting of RS (0-1) in
the solid oxygen  phase [61].
RS(0-1)
RS(0-2)
? 3.20: Orbital Zeeman splitting of RS (0-1) and
(0-2) in the solid oxygen  phase [61].
3.2.3 ???
???????????????????????????????????????????
??????????????????????1916 ?? Eucken?17–73 K??1929 ?? Clusius
?10–72 K??1929?? Giauque?12–90 K??1969?? Fagerstroem?1.3–71 K???????? [4]?
Giauque? Fagerstroem??????????? 3.21? 3.22?????????????????
?????????????????????????????????????????????
??????????????????
?????- ???? - ???????????????????????????????
?????????Hliquid  = 445 J/mol [67]?H  = 742 J/mol [68]????????????
??????????Hliquid  = 8:18 J/molK= 0:98R?H  = 17:0 J/molK= 2:04R??????
??? R ?????? 8.31 J/molK ????????????????????????????
?????? - ??????????????????????  ?????????????
????????????????????????????????
??????????????????????? -???????????????????
???????????????????????????????????????? [4]???
??Giauque????? H  = 93:8 J/mol??????????Fagerstroem?????????
??????????????????
????-???? Landau??????????????????????????????
??????????? [69,70]???? R3m?? C2=m????????????????? 3?
? 1??????????????? Landau???????? [70, 71]????????????
????? 3???????????????????????????????????????
????????????????????????????????????????????
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? 3.21: Specific heat of oxygen from 12 to 90 K
[67].
? 3.22: Specific heat of oxygen from 1.3 to 71
K [68].
? 3.23: Heat capacity of the sample cell with oxy-
gen near T. 1; contiunous heating, 2; pulse heat-
ing, 3; contiunous cooling [72].
? 3.24: Enlarged heat capacity near the -
phase transition from Fig. 3.23 [72].
???????
-???????????????????????????? 1996?? Lipinski?????
?? [72, 73]?? 3.23, 3.24 ??Lipinski??????????????????????????
??????????????????????????????1 mK????????????
?????????????????????????????????????????????
??????????????????????????????????? 3.23???????
?????????????????????????????????????????????
?????????????????????????????????????????????
?????????????????????????????????????? H  = 90
J/mol??????????????????? Giauque????????????
???Lipinski?? -??????????????????????Giauque???????
22 ? 3? ????????????
?????????????Fagerstroem??????????????????????????
????? [73]????????????????????????? 23 K?????????20
K ????????????????????????????? [72, 73]?Fagerstroem????
????? 22 K????? [68]??????????????????????????
???????????????????????? 3.24????????????0.02 K??
????????????????????????????????????????????
????? -???????????????????????? [72, 73]???????? 
????????????????????????
-??????????????????????????????????Lipinski????
???????????????????????1980?? Slyusarev?????????????
???????????????????????????? [74, 75]?????????????
?????????????????Gaididei????????? [76]?? 3.24????????
?????????????????????????????????????????????
?????????? Landau???????????????????????????????
??????????????????????? [76]?
3.3 ????????
????????????????????????????????????????????
??????????????????????????????PV = nRT??????????
?????????????????????????????????????????????
?????????????????????????????????????????????
?????????????????????????????????????????????
?????????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????????
??? [77–82]?? 3.25???????P????????????????????? [79,80]??
?????????????????????????????????????????? 3.25
?????????????????????????????????????????????
?????????????????????????????????????????????
???????????????????????????? [79]???? 3.26??????H2O?
?????????????????????????????????????????????
?1; HDL, High Density Liquid??????????????????2; LDL, Low Density Liquid?
?????????????????????????????HDL?????????????
?????????LDL???????????????? 2????????????????
??????????????????????
???????????????????????????????????????????
??????????????????????????????????????????bond
order parameter????????????????????????? [82]???????????
?????????????????????????????????????????????
?????????????????????????????????????????????
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? 3.25: Schematic P-T phase diagram of Phosphorus
[80]. Inset figures show the local structure in the states
of liquid.
? 3.26: Two sub-wells molecular potential
of H2O [83]. LDL phase (2) is stabilized
by hydrogen bond, whereas HDL phase (1)
optimizes the close-packed local structure.
??????????
?????????????????? H????????????????????????
?????????????????????????????H ??????????????
?????????? X?? S??????????????????????????????
????????????????????????????????????????????
???????????????????????????????????????HL, High
Susceptibility Liquid???????LL, Low Susceptibility Liquid???????????????
?????????????????????????????????????????????
?????????????????????????????????????????????
?????????????????????????????????????????????
??????
24
? 4?
??????????????????
??????????????????????????????????????? H???
?????????????????????????????????????????????
?????????????????????????????????????? ?????
????????????????????????????????
????????????????????????????????????????????
????????????????????????????? [84]??????????????
?????? 140 T????????????????
4.1 ????
????????????????????????????????????????????
?????????????????????????????????
4.1.1 ????????
??????????????????Vertical Single Turn Coil, VSTC????? [56, 57]???
???????? 4.1???????????????????????????????????
??????????????????2?3 MA??????? 100 T?????????????
?????????????????????????????????????????????
????? s??????????????????????????????? LRC?????
??/ pLC????????????????????????????????????????
???????????????????L???????C ?????????????????
???????????????????????????
???????????? 2???????????????????????????????
????????????????? He??????????????????????????
????????????????????????????????????????? XY ?
?????????????????????????????????????????????
?????????????????????????????????????????????
??????????????
?????????????????????????????????? A??? B????
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(a)
(b)
(c)
? 4.1: Photographs of the STC before (a) and after (b) the shot. (C) VSTC system.
? 4.1: Typical maximum fields (BMax) and the experimental conditions of VSTC.
A bank Coil diameter Charge BMax AB bank Coil diameter Charge BMax
12 mm 40 kV 124 T 12 mm 34 kV 142 T
14 mm 40 kV 106 T 14 mm 36 kV 130 T
16 mm 38 kV 91 T 16 mm 40 kV 129 T
18 mm 32 kV 68 T 18 mm 32 kV 97 T
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B
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T
)
86420
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 12Φ, 40 kV
 14Φ, 40 kV
 16Φ, 38 kV
 18Φ, 32 kV
? 4.2: Magnetic field waveform generated by us-
ing the A-bank of the VSTC.
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 12Φ, 34 kV
 14Φ, 36 kV
 16Φ, 40 kV
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? 4.3: Magnetic field waveform generated by us-
ing the AB-bank of the VSTC.
????????????????????????????B????????????????
???????????? [56]?????? A??????? AB?????????? C = 263:5
F?????????????????????????? 4.1????????????????
? 4.2, 4.3????
26 ? 4? ??????????????????
4.1.2 ??????????
?????? 4.4????????????????????????????????????
?????????????????????????????????????????????
????????????
 = 1   0 = 0S 1H   0S 0H = 0; (4.1)
d
dt = 0: (4.2)
????S ???????????m2??H ?????????T = Wb/m2???????????
?1???0?????????????????????????????????????????
?????????????????????????????????????????????
?????????????????????????????????????????????
??????????????????????????
L = 1   0 = 0S 1H + 0M   0S 0H; (4.3)
R = 1   0 = 0S 1H   0M   0S 0H; (4.4)
dL
dt  
dR
dt = 20
dM
dt : (4.5)
????????????????L???R????????????????????????
?????????????????? M ????Wb ??????????????????
??????????????dM/dt?????????????????? dH=dt ??????
dM=dH??????????? M ??????M ??? M ????????????????
???????????????? M ??????????????N142-N143??? 4.5????
???? Abe-probe?1.12-20 turns?? NomAbe-probe?1.12-16 turns?? 2????????
?????????????????????????????????????????????
???????????????????????????????????????AIW 0.06,
?????????????????
??????????????????????????????Nitofix?SK-229??????
?????????????????????????????????????????????
?????????????????????????????????????????????
Left Right
Condensed O2
Kapton tube Φ0.8 mm
O2 gas
Sealing
(Nitofix)
Kapton tube
Φ1.0 mm
(a) (b)
? 4.4: (a) Schematics of the anti-polarized twin-pickup coil and the sample tube. (b) photograph of the
pickup coil.
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? 4.5: Summary of the typically obtained data by the magnetization measurement. (a) Waveform of the
magnetic field. (b) Inductive voltage when the sample is inserted in the right or left side of the twin-
pickup coil. (c) (f) dM/dt signal obtained by dL=dt   dR=dt. (d) (g) dM=dH signal obtained by
(dM/dt)/(dH/dt). (e) Magnetization curve.
?????????????????????????????????????????????
????????????????????????????????????? 10???????
??????????? 0.9?0.8?0.7???? 0.06 mm? 3?????????????
?????????????????????????????????????????????
?????????????????????????????????????????????
?????????????????????????????????????????????
?????????????????????????????????????????????
? [85, 86]????????????????????????????????????????
?????????????????????????????????????????????
????????????????????? 0.7?????????????????????
???????????????????????????????
 N55-N65: Abe-probe, 1.12-20 turns, 0.8
 N79-N101: NomAbe-probe, 1.12-16 turns, 0.9
 N102-N125, N132-N149, N155-N164: NomAbe-probe, 1.12-16 turns, 0.7
4.1.3 ????????
????????????????????????????????????????????
?????????????????????????????????????????????
?????????????????????????????????????????????
???????
??????????????????? FRP?????????????VSTC???????
28 ? 4? ??????????????????
Evacuation
2nd heater1st heater Thermocouple
Liquid He Gas He
Vacuum layer
Tale (FRP)
Kapton sheet
ID = 4.5mm
ID = 7.8 mm
Cryostat (SUS)
Single-turn coil
ID = 6.0 mm
Flow separator
(Kapton tube)
He in He out
He gas T controller
He gas flow
cryostat
? 4.6: Schematic figure of the He-gas temperature controller and He-gas-flow cryostat. Photograph
shows the outside view.
?????????????????????? [84]??????? FRP?? 4????????
?????????????????????????????????????????????
?????????????????????????????????????????????
?????????????????????????????????????????????
??????????????????????????? FRP???????????????
Nitofix?SK-229??????????????????Nitofix? FRP?????????? He?
?????????????
????????????????????????????4 K??????????????
?????????????????????????????????????????????
?????????????????????????????????????????????
?????????????????????????????????????
????????????????????????????????????????? 4.6?
?????????????????????????????????????????????
????????????????????? 100
?????????????????????
????? Stycast1266 ????????????? Chromel-Constantan ???????????
?????????????????????????????????????????????
?????????????????????????????????????????????
?????????????????????????????????????????????
??????????????????????????
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? 4.7: Design of the SUS parts for the tail of the He flow cryostat. Units are "mm".
???????????????????????????????? 2???????????
?????????????????????????????????????????????
????????????????????????????????????????????
?????????????????????? Chromel-Au-0.07%Fe ????????????
????????????????????????????????????????????
4.7???????????????????????????????????????????
1??? 3??? 4??????? 2????????????????????? 1??? 4.5
?????????????????????????????? 3????? 6 mm??? 7 mm
? FRP????????? 4????? 7.8 mm??? 11.4 mm????????????? FRP
????????
????????????????????????????????????????????
???????????????????? 13.4 mm????????????????????
?????????? 11.4 mm??????????????????????????????
??????????????????????????? 12 mm??????????????
140 T????????????
4.2 ???????
????????????????????????????????????????????
?????????????????????????????
30 ? 4? ??????????????????
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? 4.8: BMax dependence of the results of the magnetization measurements. All measurements are con-
ducted for the  phase of solid oxygen at T = 4 K. (a) dM=dt, (b) dM=dH, (c) magnetization curves.
4.2.1 ???? ?
????????  ??????????????????????????????  ??
?? 4 K ?????????????????? 4.8 ??????????????BMax =119 T
?N59-N60??122 T?N61-N62??124 T?N55-N56??129 T?N63-N64?????? 4.8 (a)?(b)?(c)
????? dM=dt?dM=dH?M ?????????????????????????????
??????? [6]??????????????????????
????? 122 T ???????????????????????????????????
??????????????????????????????129 T?????MS = 2B/O2?
? 75%???????????????????????? 7 T????????? [6]????
????????????????????????????????????????? 2???
?????????????????????????????????????????????
???? ??????????????????
?????????????????????????? B+c  120 T?B c  70 T??????
????????????????????????   ???????????????????
?????????????????????????????? s?????????????
???????????????????????????BMax =129 T????    ?????
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????? ??????????????????????????    ??????????
??????????????????????????????????????????????
?????????????????????????????????????????????
???????????????????????????
BMax =130 T???????? 4.9-4.13?????????????????????
No BMax T No BMax T No BMax T
N63-N64 129 T 4 K N104-N105 136 T 5 K N148-N149 142 T 5 K
N93-N94 142 T 4 K N142-N143 130 T 9 K
????? 130 T????????VSTC?????????????????????????
????????????????????????????????????????????
?????????????????????????????????????????????
?????????????????????? 2??????????????????????
??????????????????? N93-N94?N104-N105?N148-N149????? 2???
?????????????????????????????????????????????
?????????????????????????????????????????????
????????????
???????????? N63-N64?N142-N143 ????? 4.14 ?????????????
?????????????? [6]?????????????????????????????
????????????????? N63-N64????????????????????????
?????????????????????????????????????????????
????????????????????????????????????????????
????????????????????????????????????????????
????????????????????????????????????????????
??????????????????????????????????N104-N105?? 4.11??
N148-N149?? 4.13?????? 140 T??????????????????????????
???????????N63-N64?N142-N143??     ??????????????????
???
?????????????    ????????????????????????????
???????????? B
H
BdM ????????N63-N64 ? 320 J/mol?N142-N143 ? 326
J/mol????????????????? s ???????????????????????
?????????????????????????????????????????????
? [68]?? 4.15???????????????????????? 4?10 K????24 K??
?????????????????????????????????????????????
?????????????????????????????????????????????
?? 24 K??????????? ???????????????????????70 T???
????? ????? ????????????????????????????????
??????????????????? 6?????
32 ? 4? ??????????????????
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? 4.9: Summary of N63-N64. BMax =129 T, T = 4 K.
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? 4.10: Summary of N93-N94. BMax =142 T, T = 4 K.
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? 4.11: Summary of N104-N105. BMax =136 T, T = 5 K.
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? 4.12: Summary of N142-N143. BMax =130 T, T = 9 K.
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? 4.13: Summary of N148-N149. BMax =142 T, T = 5 K.
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? 4.14: Magnetization curves of the  phase of solid oxygen obtained in N63-N64 and N142-N143.
The result obtained in the non-destructive magnet [6] is used for calibration. The estimated error bar is
also shown.
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? 4.15: (a) Heat capacity of solid oxygen at low temperature [68]. (b) Q =
R
CvdT obtained from (a).
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? 4.16: Summary of N132-N133. BMax =120 T, T = 19 K.
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? 4.17: Summary of N144-N145. BMax =120 T, T = 21 K.
???  ???????????????????? 4.16-4.17 ?????????????
N132-N133?BMax =120 T, T = 19 K??N144-N145?BMax =120 T, T = 21 K??????????
???? 120 T???    ????????????????????????????????
10 K??????????????????????????????????????????
?????? N144-N145???????????? ????????????????????
?????????????????????????????????????????    ?
????????????????
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4.2.2 ???? ?
???????? ?????????????????????????? 4.18-4.23????
???????????????
No BMax T No BMax T No BMax T
N95-N97 119 T 34 K N134-N135 121 T 32 K N157-N158 142 T 34 K
N124-N125 121 T 35 K N136-N137 121 T 40 K N161-N162 130 T 42 K
N95-N97?N124-N125?N134-N135?N136-N137?????????????????????
????????     ???????????????????????    ????????
?????????????????? 120 T??    ????????????? ?????
????????????????????????????????????????    ??
??????????????????????????? 4?40 K?????????????
???????????????
N157-N158?? 140 T?????????????????????????????????
??????????????????? ????????????????????????
140 T??????????????????????????????
N161-N162?42 K????????????????????????????????????
?????????????????????????    ?????????????????
????    ??????T  = 43:8 K??????????????    ?????????
????????????????? 8??????????????????
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? 4.18: Summary of N95-N97. BMax =119 T, T = 34 K.
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? 4.19: Summary of N124-N125. BMax =121 T, T = 35 K.
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? 4.20: Summary of N134-N135. BMax =121 T, T = 32 K.
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? 4.21: Summary of N136-N137. BMax =121 T, T = 40 K.
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? 4.22: Summary of N157-N158. BMax =142 T, T = 34 K.
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? 4.23: Summary of N161-N162. BMax =130 T, T = 42 K.
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4.2.3 ???? ?
????????  ??????????N122-N123 (BMax =122 T, T = 47 K) ? N163-N164
(BMax =130 T, T = 48 K) ??????? 4.24-4.25 ???? ????????????43.8
K< T <54.4 K??????????????????????????????????????
????????????????????????????????????? 2???????
???????? ????????????????????????????????????
?????
N122-N123 ? N163-N164 ???????????????????????????????
????????????????????N122-N123????????????????????
????????????????????????????????????????????
?????????????????????????????dM/dt????????????
SN???????????????????????????????????????????
????????????????????????????????????????
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? 4.24: Summary of N122-N123. BMax =122 T, T = 47 K.
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? 4.25: Summary of N163-N164. BMax =130 T, T = 48 K.
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???????? 65 K??????????????????????????????????
??????????????????
 N79-N92?N98-N103?N106-N109?N112-N113: liquid N2 cooling, 1atm or pumped
 N116-N121?N138-N141: He gas flow cryostat
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? 4.26: Summarized results of the magnetization measurements N79-N92 at 77 K using the liquid N2
cooling. The black solid line shows the result obtained in the non-destructive magnet using the same
setting. The dotted line shows the expected saturation value.
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? 4.27: Magnetization curve of liquid oxygen at 77 K using the non-destructive single turn coil (red
curve). Inset is the photograph of the non-destructive STC.
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? 4.28: (a) Sample tube with impedance. (b) Deformation of the sample tube caused by liquid oxygen.
(c) Deformed twin pickup coil.
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? 4.29: Magnetization curve of liquid oxygen which is prepared inside the sample tube with impedance.
Sample is cooled by using liquid N2 at 1atm (77 K) or pumped (64 K).
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? 4.30: Magnetization curve of liquid oxygen which is prepared inside the sample tubes (inner diameter
is 0.9 or 0.7 mm). Sample is cooled by using liquid N2 at 1atm (77 K) or pumped (68 K, 63 K).
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? 4.31: Magnetization curve of liquid oxygen. Sample is prepared in the 0.7 Kapton tube and cooled
by using the He gas flow cryostat.
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? 4.32: Normalized magnetization curve of liquid oxygen. Sample is prepared in the 0.7 Kapton tube
and cooled by using the He gas flow cryostat.
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? 4.33: B-T phase diagram of oxygen obtained by the magnetization measurements.
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(a) (b)
(c)
? 5.1: Photographs of the HSTC system. (a) Inside of the protection room. (b) (c) Before and after the
shot.
? 5.1: Typical BMax and the experimental
conditions of HSTC.
Coil diameter Charge BMax
8 mm 42 kV 205 T
10 mm 50 kV 187 T
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? 5.2: Magnetic field waveform generated by using
the VSTC.
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? 5.3: Block diagram of the magneto-optical spectroscopy using the STC and streak camera.
? 5.4: Xe short arc flash
lamp, Lamp 1.
? 5.5: Xe arc flash lamp,
Lamp 2.
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? 5.6: Spectra of two types of the Xe flash
lamps.
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? 5.7: Schematic of the fiber built-in sample cell of solid oxygen which is incorporated in the He gas
flow cryostat.
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????????????????????????????????????????? 5.14??
????    ??????????????????????????? ?? ???????
?????????????????????????????????????????????
??????????????? ?? ?????? c??????????????????
?????????? ?? cubic?????????????????????????????
?????????????????????????????????????????????
?????????????????????????????????????????????
?????????????????????????????????????????????
??????????????????????????????????
? 5.8-5.13??????????? 5.15?????????????? log10(I/I0)??????
52 ? 5? ??????????????????????????
?????????????????????????????????????????????
????????????????????????????????????????????
????????????????????????????????    ??????????
???????????????????????   ???? s??????????????
?????????????????????????????????????????????
??????????????N51?N66?N69?????????N52????????????
??????????????????????????????????????
? 5.8: Results of N46 (BMax = 117 T, T = 20:0 K). (a) Two-dimensional absorption spectra. (b) (c)
Absorption spectra in up and down sweeps.
? 5.9: Results of N52 (BMax = 129 T, T = 10:3 K).
5.2 ??????? 53
? 5.10: Results of N51 (BMax = 129 T, T = 21:6 K).
? 5.11: Results of N48 (BMax = 143 T, T = 23:5 K).
? 5.12: Results of N66 (BMax = 169 T, T = 11:1 K).
54 ? 5? ??????????????????????????
? 5.13: Results of N69 (BMax = 193 T, T = 19:1 K).
? 5.14: Transmission intensity at the - phase transition. Photographs of each phases are also shown.
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? 5.15: Magnetic field dependence of the transmission intensity, log10(I/I0), summarizing the data of
Figs. 5.8-5.13.
56 ? 5? ??????????????????????????
5.2.2 ???? ?
???? ???????????????????????????????? 5.16-5.22??
????? 5.23?????????????????????????????????????
??????
No BMax T No BMax T No BMax T
N168 139.7 T 27.6 K N169 141.3 T 32.5 K N165 135.9 T 41.8 K
N70 181.8 T 28.3 K N170 145.5 T 38.0 K
N50 138 T 31.4 K N29 119 T 40 K
????????????????????????????????????????????
????????????????????????????????????????????
???????????  ?????????????????????????????????
40 K???? 120 T???????????????????????????????????
????????
?? 40 K??????????   ???????????????????????????
?????????????????41.8 K?N165??????????????????????
?????????????????????????     ?????????????????
???? 41.8 K?    ????? T  = 43:8 K????   ????????????????
?????? ?? ???????????????????????????????????
??????????????????? 8???????????????????
? 5.16: Results of N168 (BMax = 139:7 T, T = 27:6 K).
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? 5.17: Results of N70 (BMax = 181:8 T, T = 28:3 K).
? 5.18: Results of N50 (BMax = 138 T, T = 31:4 K).
? 5.19: Results of N169 (BMax = 141:3 T, T = 32:5 K).
58 ? 5? ??????????????????????????
? 5.20: Results of N170 (BMax = 145:5 T, T = 38:0 K).
? 5.21: Results of N29 (BMax = 119 T, T = 40 K).
? 5.22: Results of N165 (BMax = 135:9 T, T = 41:8 K).
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? 5.23: Magnetic field dependence of the transmission intensity, log10(I/I0), summarizing the data of
Figs. 5.16-5.22.
60 ? 5? ??????????????????????????
5.2.3 ???? ?
???????? ????????????????????????? ????????
???????????????????????????????????????????
???? 43:8 < T < 54:4 K????????????????????????????????
????????????????????????????????????????????
?????????????????????????????????????????????
?????????????????????????????????
???????????? 5.24-5.38??????????????????
No BMax T No BMax T No BMax T
N204 49.9 T 48.2 K N197 76.2 T 50.2 K N130 122.7 T 47.8 K
N199 59.4 T 50.4 K N195 99.1 T 49.1 K N166 141.4 T 46.6 K
N200 67.1 T 49.8 K N196 99.1 T 48.8 K N177 142.9 T 52.9 K
N201 68.1 T 46.4 K N202 111.5 T 47.7 K N178 144.1 T 49.6 K
N205 74.9 T 49.3 K N203 117.3 T 49.0 K N179 146.7 T 49.7 K
??????? 67.1 T????????N204?N199?N200????????????????
?????????????????????????????????????????????
?????????????????????????????????????????????
????? RS 0-1?2.15 eV????????????????????????????
??????? 68.1 T?? 99.1 T??????N201?N205?N197?N195?N196??????
?????????????????????????????????????????????
?????????????????????????????????????????????
????????????????????? 5???????????????????????
???????????????????
??????? 111.5 T?? 122.7 T??????N202?N203?N130????????????
?????????????????????????????????????????????
?????????????????????N202? N203??????????????????
?????????????????????????????????????????????
???????????????68:1 < BMax < 99:1 T????????????????????
?????????????????????????????????????????
???????? 141.4 T?? 146.7 T??????N166?N177?N178?N179????????
?????????????????????????????????????????????
??????????????????????????????????????????N166
? N177?????????????????????????????????????????
??????????????????
   ?   ??????????????????????????????????????
????????????????????????????????????????????
????????????????????????????????????????????
?????????????????????????????????????????????
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? 5.24: Results of N204 (BMax = 49:9 T, T = 48:2 K).
?????????????????????????????????????????????
?????????????????????????
???????????????????????????????????????????
????????????????????? N204?18, 30 kV?? N205?16, 35 kV????
????????? N197?18, 30 kV?? N195?16, 35 kV????????????????
?????????????????????????????????????????????
???N204? N205??????????????????? BMax = 49:9 T? N204?? 5.24??
??????????BMax = 74:9 T? N205?? 5.28?????????????????????
??????????????????????????????????????????
????????????????????????
 ????? 68.1 T???????????????????????????
 ?????????????????????????????????????????
 ????? 141.4 T?????????????????????????????????
????
????????????????????????????????????????????
?????????????????????????????????????????????
70 T??????????????????????????????????????????
????????????????????
62 ? 5? ??????????????????????????
? 5.25: Results of N199 (BMax = 59:4 T, T = 50:4 K).
? 5.26: Results of N200 (BMax = 67:1 T, T = 49:8 K).
? 5.27: Results of N201 (BMax = 68:1 T, T = 46:4 K).
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? 5.28: Results of N205 (BMax = 74:9 T, T = 49:3 K).
? 5.29: Results of N197 (BMax = 76:2 T, T = 50:2 K).
? 5.30: Results of N195 (BMax = 99:1 T, T = 49:1 K).
64 ? 5? ??????????????????????????
? 5.31: Results of N196 (BMax = 99:1 T, T = 48:8 K).
? 5.32: Results of N202 (BMax = 111:5 T, T = 47:7 K).
? 5.33: Results of N203 (BMax = 117:3 T, T = 49:0 K).
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? 5.34: Results of N130 (BMax = 122:7 T, T = 47:8 K).
? 5.35: Results of N166 (BMax = 141:4 T, T = 46:6 K).
? 5.36: Results of N177 (BMax = 142:9 T, T = 52:9 K).
66 ? 5? ??????????????????????????
? 5.37: Results of N178 (BMax = 144:1 T, T = 49:6 K).
? 5.38: Results of N179 (BMax = 146:7 T, T = 49:7 K).
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5.2.4 ????
????????????????????????????????????????????
?????????????????????????????????? 2??????????
?????????????????????????????????????????????
????????H???????????????????????????? S?? X???
?????????????????????????????????????????????
?????????????????????????????????????????????
???
??????????????????????? 5.39-5.43 ???????????????
???
No BMax T No BMax T No BMax T
N180 110.4 T 83.8 K N181 126.6 T 85.9 K N71 157.8 T 83.8 K
N183 120.2 T 83.3 K N182 143 T 79.1 K
N183?N182?N71??????????????????????????????? ???
?????????????????????????????????????????????
?????????????????????????????????????????????
?????????????????????????????????????????????
????????????????????????????
????????????????????????????? 5.44????????????
???????????????????????RS 0-0? 0-1???????????????
??RS 0-0? 0-1????????????????????????????????????
?????????????????????????????????????????????
?????????????????????????????????
????????????????????????????????????????????
???????????N182 ???????????????????????????????
?????????N181? N71??????????????????????????? 126.6
T????????????????????????????????????????????
???????????????????????
126.6 T???????????? ?? ????????????????????????
?????????????????????? 120 T????????????????????
?????????????????????????????????????????????
?????????????????????????????????????????????
???????
68 ? 5? ??????????????????????????
? 5.39: Results of N180 (BMax = 110:4 T, T = 83:8 K).
? 5.40: Results of N183 (BMax = 120:2 T, T = 83:3 K).
? 5.41: Results of N181 (BMax = 126:6 T, T = 85:9 K).
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? 5.42: Results of N182 (BMax = 143 T, T = 79:1 K).
? 5.43: Results of N71 (BMax = 157:8 T, T = 83:8 K).
70 ? 5? ??????????????????????????
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? 5.44: Normalized absorption intensity of RS 0-0 and 0-1. Smoothed and raw data are shown by thick
and thin curves.
5.3 ???????
   ?   ??????????????????????????????????????
? 5.45?????????????????????????????????????????
???????????????????????? 7?????????????????   
????    ???????????????
????????????????????????????????????????????
?????????????????????????????????????????????
????????? VSTC????????????????? 140 T????????????
???????????????????? 5.45???????????????????????
????????????????????????????????? 8???????
????????????????????????????????????????????
?????????????????????????????????????????????
???????????????????????????????????    ???????
???? ????????????????????????????????????????
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? 5.45: B-T phase diagram of oxygen obtained by the magneto-optical measurements.
?????????????????????????????
????????????????????????????????????????????
??????????????????????????????????memory eect????
??????????????????? [87]?   ???? s???????????????
????? ??????????????????????????????????????
???????????????????
5.4 ???
?????????????????????????????   ?   ?????????
????????????????????????????????????????????
????????????????????????????????????????????
?????????????????????????????????????????????
?????????????????????????????????????????? ??
???????????????????
??????????????????????????????????????? 68.1 T
?????????????????????????????????????????????
????????????? 126.6 T????????????????????????????
?????????????
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? 6?
??????????????????
????????????
6.1 ?????
??????????????????????????????????    ?   ????
?????????????????????????????????????????????
?????????????????????????????????????????????
?????????????????????????????????????????B
H
BdM
????????????????    ??????????????????????????
? 330 J/mol??????? 6.1(a)??????????????????????????????
??????????????????????????? 13 K?????????????? 24
K???????????????? 6.1(b)?????????????????? ??? ??
??????????????????????????? ?????????????????
???
? 6.2????? ????????????????????????????? 6.2 (a)???
????? 6.2 (b)???????????????????????? ?? ????????
??? 6.2 (c)??????????????????????????????? ???????
????????????????????????
????????????????????????????????????????????
??????????????????????????? ?????????????????
??? ?????????????????????????????????????????
?????    ?????????????????????????????????????
?????????????????????????????????????????????
?????????????????????????????????????????????
??????????? ???????????????
???????????????????????????????????????????
??????????????????????????????????????????? 6.2
(b)?????????????????? ????????????????????????
??????????????????"??????"????????????????????
?????????????????????????????????????????????
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? 6.1: (a) Magnetization curve of the - transition
(N142-N143, 130 T, 9 K). (b) Specific heat of solid oxy-
gen reported by Fagestroem [68]. The gray colored areas
are set to be same with (a).
(a)
40 T
20 T
0 T
O.D. = 0.3
(b)
40 T
20 T
11 T
O.D. = 0.3
2.222.202.182.162.142.12
Photon energy (eV)
(c)α 16 K
β 32 K
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? 6.2: Absorption spectra of solid oxygen
before (a) and after (b) the - phase tran-
sition (N51, 129 T, 21.6 K). (c) Typically
obtained spectra of the  and  phases.
?????????????????????????????"???"???????????
?????????????????????????? T  = 23:9 K???? ???????
??????????????
?????????????????? s????????????????????????
?????????????????????????????????????????????
???? 10 mm3 ?????????????????????????????????????
?????????????????????????????????????????????
?????????????????????????????????????????????
??????????   ????????????????????????????? ??
?????????????????????????
6.2 ????
???????? 5???????????????????????????????????
????????? 6.3????? 5?????’s’?????????????????????
????????????? 6.3 (a) (b)?????????????’s’?????????????
????????????????????? 6.3 (c) (d)???????????????????
???????????????????????????????????????
???????’s’ ????????????????????????? DC ???????
?PHL-150, JCR15V 150W?????????????????? CCD????????????
74 ? 6? ??????????????????????????????
???????Spec10-2KBUV?????????? Princeton Instruments?? Acton SP2300??
????????? 600?/mm?????? 50 m???????????CCD????????
??????????????????????????????? tCCD = 0:148 s????
?????? Chromel-Constantan ????????????????????????Keithley
2000???????????????????? tCCD = 0:339 s???????????????
?????????????????????????????????????????????
?????????????????????????????????????????????
???????????????????? Omron ????????? G6A?????????
?????????????? 0.1 s????????????????????????????
??????????????????????????????????????
??????????????????????????? 6.3 (d) ????????????
?????????????????????????????????????????????
?????????????????????????????????????????????
?????????????????????????????????????????????
??????????????????????????0.3 s??????
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76 ? 6? ??????????????????????????????
6.3 ???????
? 6.3 (c)??????????????????????????????? N175?????
????N172-N174???????????????????????????????? T0 ??
?????
No BMax T0 Phase T meas. Memo
N172 146 T 14.3 K  
N173 146.2 T 17.1 K  
N174 138 T 24.7 K  or   Spectra is of 
N175 136.6 T 13.1 K  
N184 151.6 T 31.2 K  
N185 130.1 T 35.2 K  
N186 122 T 47.1 K  
N187 102.5 T 9 K   No phase transition
6.3.1 ???? ?
?????? ???????N175?? 6.4????????????????????    
???????????????????????????????????? 6.4 (a)??? 6.4 (b)
???????????????????????? RS 0-0?1.98 eV??RS 0-1?2.16 eV??RS 0-2
?2.34 eV???????????????????????????????????? 6.4 (c)??
??????????? OD > 2.0?????????????????????????????
???????? ?? ??????????????? 6.4 (d)??????????????
?? RS 0-2??????????? ?????????????????????
????????????????????????????????????????????
???????????????????? 6.2???????????????????????
?????????? 13 K?? 35 K?????????????????????? 6.4 (a)???
?????????????????????????????????????????????
?????????????????????????????????????????????
?????????????????????????????
"??????"?" ???"??????????????????????????????
???????????????????????????? 2.7 s ????     ?????
?T = 23:9 K???????????????????????????? ?????????
????????????? T  ?????????????? ?????????????"?
?????"????"???"???????????????????????????????
????????????????????????????
"???"???????????????????????????????????????
??????????????? 6.5??????????? 1.2 mm?????????????
6.3 ??????? 77
? 6.4: Summarized results of N175. Time dependendence of the temperature (a) and the absorption
spectra (b) of solid oxygen on the magnetic field induced phase transition. The black arrow shows
the timing of the field generation. (c) Abosorption spectra at each timings from (b) are shown with
temperatures. (d) Typical spectra of the  and  phases.
?????r???????t?????????????
@T
@t
=

r
@
@r
(r@T
@r
); (6.1)
???????????????????????????????? ????????????
???  = 0:25 mm2/s?????????????? 50???????????????????
???????? T0 = 40 K?????????????????? T1 = 15 K??????
?????? 6.6 ????    ?????????? 24 K ??????????????? 
????????? 1.6 s?????????????????????? 2.7 s?????????
?????????????????????????????????????????????
??????????????????? 15 K???????????????????????
????????????????
???? ????????????N172? N173????????????????????
?????????????? N175????????????????????????????
?? N187?BMax = 102:5 T???   ???????????????????????????
????????????????????????????????????????????
????????????? 6.7????5?????????????????????????
????????????????????????????????????????????
?????????????????????????????????????????????
78 ? 6? ??????????????????????????????
T (r, t)
r = 1.2 mm
T1 = 15 K
T0 = 40 K
? 6.5: Cylinder model for the
simulation in Fig. 6.6.
? 6.6: Sample temperature as a function of r and t simulated by the
thermal diusion equation. Parameters are described in the figure and
main text.
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? 6.7: Results of the control experiment of N187 (BMax = 102:5 T, T0 = 9 K) where the phase transition
is absent. Time dependendence of the temperature (a) and the absorption spectra (b) of solid oxygen on
the magnetic field induced phase transition. Vibration of the results is due to the vibrating flow of He gas
in the cryostat.
????????????????????????????????????????????
? 6.7(b) ????????????????????????????????????????
???? 6.7? (a)? (b)?????????????????????????????????
?????????????????????????????????????????????
??????????????????????
130 T?????????????????? 330 J/mol????????????? 13 K??
24 K???????????????N175????????????? 13 K?? 35 K????
6.3 ??????? 79
?????????? 630 J/mol??????????????????????????????
?????????????????????????????????????????????
??????????????????N175????????? 136.6 T???????????
????????????????????????????????????????????
?????????????????????????????
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6.3.2 ???? ?
????  ???????N184 ? N185 ?????? 6.8?6.9 ??????????????
??????????????????????????????? N184? dQ(31!39 K)  300
J/mol?N185? dQ(35!42 K)  280 J/mol????????????????????? ???
????????????????? ?????????
????????????????????????????????????????????
?????????????????????????????????????????????
????????????????????????????????????????????
??????????????????????????????????? ?????????
??????????????????
???????????????????????????????????? N184?????
???????????????3.5 s???? ??????????????????????
?????????????????????????????????????????????
?????????????????????????????????????????????
??????????????????????????? N184? N185???????????
???????????????????????????
? 6.8: Summarized results of N184. Time dependendence of the temperature (a) and the absorption
spectra (b) of solid oxygen on the magnetic field induced phase transition. The black arrow shows
the timing of the field generation. (c) Abosorption spectra at each timings from (b) are shown with
temperatures. (d) Typical spectra of the , , and  phases.
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? 6.9: Summarized results of N185. Time dependendence of the temperature (a) and the absorption
spectra (b) of solid oxygen on the magnetic field induced phase transition. The black arrow shows
the timing of the field generation. (c) Abosorption spectra at each timings from (b) are shown with
temperatures. (d) Typical spectra of the , , and  phases.
82 ? 6? ??????????????????????????????
6.3.3 ???? ?
???? ???????N186?BMax = 122 T??? 6.10????????????0.5 K???
??????????????????????????dQ(47.1!47.7 K)  30 J/mol??????
??????????? 6.7???????????????????????????????
????? ???????????????????????????????????????
?????????????????????????????????????
? 6.10(b)? (c)????????????????????????????????????
??????????????? 5????? ????????????? 68.1 T??????
?????????????????????????????????????? ??????
?????????????????
? 6.3 (c)????????????????????????????????????????
?????????????????????????? s?????????????????
?????????N175???????????????????????????????? 5
?????????????????????????????????????????????
?????????????????????????????????????????????
?????????????????????????
? 6.10: Summarized results of N186. Time dependendence of the temperature (a) and the absorption
spectra (b) of solid oxygen on the magnetic field induced phase transition. The black arrow shows
the timing of the field generation. (c) Abosorption spectra at each timings from (b) are shown with
temperatures. (d) Typical spectra of the , , and  phases.
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 ??????????????????? 6.1????????????? STC??????
????????????????test 1, 2?????????????????? 6.11?????
?????????????????????????????????????????????
?????????????????????????????????????????????
?????????????????????????????????????????????
?????????????????????????????????????????????
?????????? 6.11?????????????????????????????
? 6.1: Summary of the estimated heating of the  phase with experimental conditions.
No BMax T0 dT dQ Memo
N186 122 T 47.1 K +0.6 0.3 K +28 14 J/mol
N195 99.1 T 49.2 K +0.3 0.2 K +14 9 J/mol
N196 99.1 T 49.2 K +0.5 0.3 K +23 14 J/mol
N197 76.2 T 51.2 K +1 0.5 K +46 23 J/mol
N198 54.3 T 48.1 K +1 0.5 K +46 23 J/mol Non-destructive STC
N199 59.4 T 50.3 K +0.7 0.3 K +32 14 J/mol Non-destructive STC
N200 67.1 T 49.8 K +1 0.5 K +46 23 J/mol Non-destructive STC
test 1 30 T 49.3 K +0.3 0.2 K +14 9 J/mol Non-destructive STC
test 2 25 T 51.2 K +0.3 0.2 K +14 9 J/mol Non-destructive STC
N201 68.1 T 46.1 K +0.4 0.2 K +18 9 J/mol
N202 111.5 T 47.2 K +1 0.3 K +46 14 J/mol
N203 117.3 T 48.9 K +0.4 0.2 K +18 9 J/mol
N204 49.9 T 48.2 K +0.4 0.2 K +18 9 J/mol
N205 74.9 T 49.3 K +1 0.5 K +46 23 J/mol
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? 6.11: Estimated heating as a fuction of BMax for the  phase. Typical heat capacity C = 46 J/mol K is
used for the analysis.
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6.4 ???
????????????????????????????????????????????
????????????????????????????????? s??????????
?????????????????????????????????????????????
?????????????????????????????????????????????
?????????????????????????????????????????????
?????????????????????????????????????????????
?????????????????????????????????????????????
?????????????????????????????????????????????
?????????????????
???? ??????????????????????????????????????
?????????????????????????????????????????????
??????????????????? 2.7 s? ?????????????????????
?????????????????????????????????????????????
?????? ????????????    ??????????????????????
??????????????????????????????   ?????????? ?
?????????????????????????????????
?????????? ?? ??????????????    ????????????
????????????????????????????????????????????
?????????????????????????????????????????????
???????????????????????????????????
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? 7?
?????????????
????????
????????????????????????????????????????????
???????????????? 6????????????????????????????
?????????????????????????????????????????????
?????????????????????????????????????????????
????????MagnetoCaloric Eect, MCE????????????????????????
s?????????mm?????????????????????????????????
?????????????????????????????????????????????
??????????????????????????????????????????
????????????????????????????????????????????
?????????????????????????????????????????????
????????????????????????? 56 T?????????????????
??????????? ?????????????????????????????????
?????????????????????????????????????????????
?????????????????????????????????    ?   ??????
??????????????????????
7.1 ???????????????
???????????????????????????????????????????
?? [88–92]???????????????????????????????????????
?????????????????????? ms?????????????????????
?????????????????????????????????? 1?2????????
??????
Kohama?Kihara ???????????????????????? [89, 91, 92]??????
????????? 2 ?????????????????????????????????
? [92]???? Cu3Mo2O9 ?????? 100 m??????? 0.018 ms???????? [92]?
???????????????????????????????????
????????????????????????????????????????????
86 ? 7? ?????????????????????
? 7.1: Experimental setting of the adiabatic MCE measurement [91]. (a) The sample with the deposited
thermometer. (b) Cryogenic system. (c) Thermal relaxation from the sample to the thermal bath.
????????????????????????????
????????????????????????????????????????????
???????????????????????????
q = TdS = T (@S
@T
)HdT + T ( @S
@H
)T dH = 0: (7.1)
?????????????????????????????????????????????
?????????????????????????????????? 2??????????
??????????????????????? 1?????????????????????
??????????????????????????????? [93, 94]?
? 7.1???????????????? [91]???????????????????????
?????????????????????????????????????????????
???????????????????????????????? 5.6 s????? 7.1 (c)???
?????????????? ms????????????????
???????????????????????????????? 7.2, 7.3????????
???????????? Ni45Co5Mn36:7In13:3 ?????????????????? BiCu2PO6
?????????????????????????????????????????????
?????????????????????????????????????????????
?????????????????????????????????????????????
??????????? 7.2????????????????? 7.3?????MCE?????
?????????????????????????????????????????????
?????MCE?????????????????????????????????????
?????????????????????????????????????????????
??????
??????????????????????????MCE???????????????
??????? 7.3??????????????? 10 T???????????????????
?????????????????????????????????????????????
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? 7.2: Result of the adiabatic MCE measurement for
Ni45Co5Mn36:7In13:3 as an example of the first order
phase transition [95].
B (T)
? 7.3: Result of the adiabatic MCE measure-
ment for BiCu2PO6 as an example of the sec-
ond order phase transition (black curve) [96].
??????????????????????????????????? 7.2?????????
?????????????????????????????????????????????
?????????????????????????????????????????????
????????????????????????????????????????????
?????????????????????????????????????????????
?????????????????????????????????????????????
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7.2 ????
???????????????????????? 7.4??????????????????
????????? Cernox?CX-1030?CX-1050?? RuO2 ??????????????????
??????????????????????????????? 7.5?????????????
????????????10 K < T < 90 K ?? Cernox ??T < 10 K ?? RuO2 ???????
?? AC???????????????????????????????????? 100?200
kHz???????????????????????????????????????????
???????????????????Cernox??????????1???????????
?????????????????????????????????????????RuO2 ?
?????????????????????????????????????????????
????????????????????? FRP?????? 1 cm?????????????
? FRP?????????? 3 cm3 ????????????????????????????
?????????
RuO2 ???????? 7.6??????????????RuO2 ??????????????
???????? EZ-14 ?????????????????????????????????
900C? 1??????????????????? 7.7????????????????????
?????????????????????????????????????????????
???????????????? 200 m???????????????? 200
??????
?????
MCE?? Cernox??? RuO2 ??????????????R-T ??????????????
?????????????????????????????????????????????
?????????MCE?????????????????????????? 4?90 K???
????????????? Cernox???????????????? R-T ??????????
????????????????? He??????????????????????
??????? Cernox??? RuO2 ???????????????R-T ??????????
??????????????????????????????MagnetoResistance, MR????
Liquid He
Vacuum (few Pa)
Pickup coil
Cernox for MCE
Kapton tube
RuO2 for MCE
Cernox for calibration
Heater
FRP base FRP tube
SUS tube
Condensed O2
? 7.4: Schematic setting of the adiabatic MCE measure-
ment of condensed oxygen.
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? 7.5: Typical R-T curve of the Cernox
and RuO2 chip.
7.2 ???? 89
Macor disk
RuO2 paste
Ag paste
Polish &
Ag paste
200 µm
Cu wire
Soldering
2 mm
Crash &
soldering
? 7.6: Shematic procedure to make the RuO2 resistance
chip.
? 7.7: Photograph of RuO2 paste sin-
tered on Macor disks.
??????Cernox??? RuO2 ?????????????????? R(B)=R(0)??????
7.8, 7.9?????????????????????????????????????????
????????????????????? Cernox??????????????? [97]?MCE
?????????????????????????????????????????????
????????????????????????????????????????? 7.8, 7.9
?????????????????????????????????????????????
????
???????????????????? 7.10, 7.11???????????????????
????????????????????????Cernox? 30 K??????????????
???????????????????????????10 K????????? RuO2 ???
?????????????????????????????????????????????
??? RuO2 ? dR/dT ???????????????????????? 10 K????????
?? RuO2 ???????????????????? Cernox????????????????
????????????????????????????R(B;T ) (R(0)=R(B))????? R-T ?
???????????
????????????????????????????????????????????
???????
1. ??? R-T ?????
2. ??????????
3. ??????????
R-T ????????? Cernox?MCE?????????????????????????
?????????????????????????????????????????????
???????????? 0:5 K???????????????????T liq, T , T ???
?????????????????????????????????????????????
???????????????????????T (B)   T (0)?????????
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? 7.8: Normalized MR of Cernox.
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? 7.9: Normalized MR of RuO2.
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? 7.10: Artificial temperature change of Cernox
caused by the MR.
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? 7.11: Artificial temperature change of RuO2
caused by the MR.
2.0
1.5
1.0
0.5
0.0
-0.5
∆T
  
a
t 
5
0
 T
 (
K
)
806040200
Initial T (K)
 Exp. 1, CX-1030
 Exp. 2, CX-1030
 Exp. 3, CX-1030
 Exp. 4, CX-1050 
? 7.12: Artificial T of Cernox at 50 T caused by
the MR in dierent settings.
1.2
1.0
0.8
0.6
0.4
0.2
0.0M
a
x
im
iz
e
d
 e
rr
o
r 
o
f 
T
  
a
t 
5
0
 T
 (
K
)
806040200
Initial T (K)
? 7.13: Maximized error of T at 50 T due to the
angle dependence of the MR.
???????????????????Cernox????????????????? 30 K??
?????????????????????????????????????????????
?????????????????????????????????????????????
?????????????????????????????????????????? 50 T
??????????????????? 7.12???????????????????????
??Cernox????????????????????????? 7.12????????????
?????????????????????????????????? 7.13??
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7.3 ????
????????? ?????????????????????? 7.14-7.17??????
?????????????????????????????????????????????
????
No Color Date No Color Date
MCE_Exp. 1 magenta 2015/3/2-3/6 MCE_Exp. 3 black 2015/5/25-5/29
MCE_Exp. 2 cyan 2015/4/20-4/24 MCE_Exp. 4 orange 2015/7/21-7/24
??????????????T liq = 54:4 K, T  = 43:8 K, T  = 23:9 K??????????
???? 10 K???????? RuO2 ??????????????????? 7.17??
????????????????????????? 7.18 (a)??????? 30 T???? 50
T???????????????????????????????????????? 1 K??
?????????????????????????????????????????????
??????????????   ?   ?????????????????????????
????????? 7.16 ?? T  ? T  ?????????????????????????
?????    ?   ??????????????????????????????????
????????????????????????????????????????????
? 7.18 (a)????????????????? 7.18 (b)??????????????????
7.18 (c) ????????????????  ??  ???????????  ????????
????????????????????????????????????????????
?????????????????????????????????????????????
?????????????????????????????????????????????
???????????????????????????????????????????
????? ?????????????????????????????????????
?????????????????????????????????????????????
???????????????????? libron ?????????????????????
?????? [52, 98]???????????????????????????????????
????????? [85]??????????????????????????????????
?? phonon???????????????????????????????????????
?????????????????????????????????????????????
???????????
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? 7.14: Results of the adiabatic MCE measure-
ment for liquid oxygen.
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? 7.15: Results of the adiabatic MCE measure-
ment for  phase of solid oxygen.
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? 7.16: Results of the adiabatic MCE measure-
ment for  phase of solid oxygen.
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? 7.17: Results of the adiabatic MCE measure-
ment for  phase of solid oxygen.
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? 7.18: (a) Initial-temperature dependence of T at 30 T (circle) and 50 T (square). Corresponding
amounts of heat Q (b) and entropy change S (c).
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7.4 ??
????????????????????????????????????????    ?
   ??????????????????????????????????????????
???    ??????????????????????????
7.4.1    ???
   ???????????? 7.19???????????????????????????
?????????????????????????????????????????????
?????????????????????????? 53 T? 39.6 K????????????
???????????????????    ??????????????????MCE??
?????????????????????????????????????????????
??????????????????
??????????????????????????????????   ???? 53 T?
????????????????????????    ??????????????????
?????????????? 7.2??????????????????????????? 7.19
???????    ????????????????? ?????????????????
??????????????????????? ?? ??????????????????
53 T??????????????????????????? ?????????????
???????????? 7.20??????? [68]?????????????????????
????????? ?????????? S   = 2:04R?????????????????
?????????????????????????????????????????????
?????????????????????????????????????????????
??????????????????? ?????????????????????????
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? 7.19: Results of the adiabatic MCE measurement near T .
The dotted curve shows the parabolic fitting of the - phase
boundary.
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? 7.20: Entropy curve calculated
from the heat capacity reported by
Fagerstroem [68].
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? 7.21: Isentropic curves curves of T0 = 43:0 K and
41.1 K. Blue dotted line shows the expected isentropic
line of S (53 T, 39.6 K).
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? 7.22: Extrapolated - phase boundary.
????????????????????????????????????????????
??????????? ???????????????????
???????    ??????????????????????????????????
?????????????????????????????????????????????
??? ?? ????????????? S (B;T )?S (B;T )?????? ????????
? c?c???? c + c = 1???????????????????
S (0 T;T0) = cS (B;T ) + cS (B;T ); (7.2)
????????????????????????????????????? ??????
???? S  (B;T )?????
S (0 T;T0)   S (B;T ) = cS  (B;T ); (7.3)
????
????????????T0?? 43.0 K? 41.1 K?????????????? 7.21??????
?????????? 7.20?????? S (0 T, 43.0 K) = 4.09R?S (0 T, 41.1 K) = 3.86R????
???????? ??????????? 7.21???????????????????S (53 T,
39.6 K) = S (0 T, 39.9 K) = 3.70R?????????????? 7.3??????????
???????? ??  ?????????? S  (0 T, T ) = 2.04R???????? [68]?
??????????????????? 50 T? 0.1R????????? 7.18 (c)????????
??????S  (53 T;T ) = S  (0 T;T ) + 0:1R = 1.94R??????????? 7.3?????
?????
??????? 7.3?????53 T????????T0 = 43:0 K???? c = 0:20?T0 = 41:1
K???? c = 0:08??????????????53 T??????????? 20%???? 
????????
??????????    ???????????? [6, 9]???50 T???????????
?????????????????????????????????????????????
?????????????????????????????????????????????
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????????????????????????????????????????????
?????????????????????????????????????
???????????????????
S (0 T;T0) = S (B;T ); (7.4)
???????????????????????S (0 T;T0) = S (0 T;T )???????????
???T0 = 43:0 K?? S (0 T, 43.0 K) = 4.09R??????? 7.20??????????? T = 27
K??? 7.4??????????????????????????????????????
??????????????????  0:2R??  ????????????????T = 29 K
??? 7.4??????????   ?????????????????? 7.22???????
27?29 K????????? 95?105 T??????????????????????????
????????????????????   ???????????????????????
????????????    ?????????????????????? ???????
???????????????? 8?????
?????????????????????    ????????????????????
?????????????????dT=dB?????????????????????????
dT=dB =  M=S ; (7.5)
??????????????M ? S ??????????????????????????
?????????????????????????????S?????????????
????? 7.5??????
T =   
2S
B2; (7.6)
?????????????????????????????????????????????
???????????? 7.19??????????????????????????????
???????????????/S ????????????????????????
?????????????  ? S ??????????????? [4, 30] ???????
??   = (43:8 K)   (43 K) = 299:5   135:5 = 160:0 (10 6cm3/g)????????????
??????? [68] ?? S   = 2:04R ?????SI ??????????  = 0:0512 J T 2
mol 1?S   = 16:9 J K 1 mol 1 ???????????? /2S =  1:51 mK T 2 ?????
??????????????????? 7.23??????????????? 1:55 mK T 2 ??
??????????????
??????????????????????? ? S ????????????????
??????? 7.18 (c)???S ?????????????????????S ???????
?????? 7.23?????????????????????????????????????
 /2S ??????????????????????????????????????
??????????????? ???????????????????????????
??????????? S ??????????? /2S ???????????????
????
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? 7.23: - phase boundary. Black solid; extrapolated result of the experiment (43:8   1:55  10 3B2
K). Magenta dotted; estimated by Eq. 7.6 (43:8   1:51  10 3B2 K). Cyan broken; entropy change is
taken into account.
7.4.2    ???
?????    ???????????????????????   ??????????
?? 7.24, 7.25??????????????????????????????????????
?????????? 7.24?? 7.24????????????????????????????
? 20 K??????????????????????????????? 20 K???????
?????????????????????????????????????????????
??4?????????????????20 K????????????    ????????
??????Lipinski ????????????? [72, 73]?????????????Lipinski ?
????????????? 20 K?????????????????????????????
7.24??????????????????
   ?????????????????????????????????????   ??
???????????????????????????????????    ???????
????   ????? 7.19?? Ni45Co5Mn36:7In13:3 ?????????? 7.2 [95]???????
?????????????????????????????????????????????
7.24???????????????????????????????????? T0 = 23:9 K?
??????? T0 = 22:8 K????????????????????????????????
???????????? 7.24????? T0 = 23:9 K??????????    ??????
?????????????????????????????????????????????
????????????????????????    ???????????????
   ?????????????????????????????????????????
???     ??????????????????????????????????????
????????????????????????????????????????????
?????????? 7.24????????????????????????????????
?????   ?????????????????????????????????????
? [101]?
7.4 ?? 99
6050403020100
Magnetic field (T)
24.5
24.0
23.5
23.0
22.5
22.0
21.5
T
 (
K
)
Parabolic fit
Tαβ = 23.9 K
? 7.24: Results of the adiabatic MCE measurement near T . The dotted curve shows the parabolic
fitting of the - phase boundary. All samples experienced the the temperature lower than 20 K before
the measurement.
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? 7.25: Results of the adiabatic MCE measurement near T . Sample temperature is kept above 20 K.
The dotted curve is taken from Fig. 7.24
   ???????????????????????????????????
1. ???????????????????????
2. ???? ???????
3. ????????
4. ?? ??????????????
????????????????????
1????????????????????????
????????????????????????????????????????????
?????????????????????????????????????????????
??????????????????????????????? 7.24???????????
???????????????????????????????????   ???????
100 ? 7? ?????????????????????
?????????????????????? [6,99,100]??????????????????
?????   ????????????????????? [99]??????????????
?? 4??????????????????????????????????????????
??
2????? ???????
???? ???????????????????????????????????????
? 7 T?????? [6]?????????    ?????????????? Jansen?????
???????????? [52]?? 7.26? Jansen????    ???????????????
7 T ????????????????????    ????????????????????
?????????????????????????????????????????????
????????????????????? 7.26?????????????????????
????????
? 7.26: - phase boundary for the pawder sample predicted by Jansen [52]. The thermodynamical
analysis (based on Clausius-Clapeyron equation) is employed for the discussion.
3?????????
   ?????????????????????????????????????????
????????????????? [101]?????????????????????????
?????????????????????????????????? [102]?????   
????????????????????????????????????????????
????????????????????????????????critical slowing down????
? [103]?????????????????????????????????????????
?????????????????????????????????????????????
?????????????????????????????????????????????
??????????????
4??? ??????????????
?? ????????????????????Lipinski????????????????
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? 7.27: Isentropic curves curves of T0 = 23:6 K and 22.8 K. Red dotted line shows the expected
isentropic line of S (55 T, 21.8 K).
???????? 3.24?[72, 73]??? Slyusarev ??????????????????????
?????????????? [75]??????????????????????? 20 mK??
???????? [72, 73]?????????????????????????????????
????????????? ?????????? ????????????????????
?????????????????????????????????????????????
??
?? 4?????????????????????????????????????????
??????????????????????????????????? Lipinski??????
???????????? [72, 73]??????    ????????????????????
???????
?????????????????    ?????????????????????? 7.27
?????????? T0 = 23:6 K? T0 = 22:8 K????????    ???????????
??????
S (0 T;T0) = cS (B;T ) + cS (B;T ); (7.7)
S (0 T;T0)   S (B;T ) = cS  (B;T ); (7.8)
????????????     ?????????????Giauque ????????????
H = 93:8 J/mol [67] ?????????????????????S   (0 T, 23.9 K) = 3.92
Jmol 1K 1 = 0.472R????? 7.18 (c)???   ?????????????????????
?????????????????? 7.8???????????????????
? 7.27???????????S  (0 T, 23.6 K) = 1.25R?S  (0 T, 22.8 K) = 1.02R???????
???????????????????????????????S  (55 T, 21.8 K) = S  (0 T, 22.1
K) = 0.92R????????????? 7.8???????T0 = 23:6 K?? c = 0:70?T0 = 22:8
K?? c = 0:21???????????????????T0 = 23:6 K???? 70 T??????
?????????????????????   ?????????????????????
?????
???    ????? 7.6 ???????????? Jansen ???????????????
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? 7.28:     phase boundary. Black solid; extrapolated result of the experiment (23:9   0:73  10 3B2
K). Magenta dotted; estimation by Jansen using Eq. 7.6 (23:9   1:83  10 3B2 K).
????????? [52]?????????   = (25 K)   (22:5 K) = 104:3   60:1 = 44:2
10 6cm3/g = 0.0141 J T 2 mol 1 ???????????? S   = 3:85 J K 1 mol 1 ??????
????? 7.6????  /2S =  1:83 mK T 2 ???? [52]????????????????
?????????? /2S =  0:73 mK T 2 ????? 7.24?????? 7.28????????
???????? 2??????????????
?????    ????????????????????????????????????
?????????????????????????????????????????????
???????????????????????? ? S ????????????????
?????????????????   ?????????????????????????
???????????? ? S ??????? /2S =  0:73 mK T 2 ????????
7.5 ???
????????????????????????????????????????????
????????? ???????????????? ?????????????????
????????????? libron?phonon????????????????????????
???????????????????????
???????????????????????    ????    ???????????
???????????????????????? 7.29??????????????????
?????????????????????????????????????????????
?????????????????????????????????????????????
??????? 50 T???????????????????????????????????
?????????????????????????????????????????????
????????????????????????????????????????????
????????????????????????
 ??????????????????????????????????????????
?????????????????? T  = 43:8   1:55  10 3B2 K?????????????
?????????????????????????????????????????????
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? 7.29: B-T phase diagram of solid oxygen. Cyan and purple curves show the expetimental results of
the adiabatic MCE measurements. Obtained - and - phase boundaries are extrapolated up to 80 T.
????   ?????????????????????????????????????
???????????????????    ???????????????????????
????????????????????????????????????????????
? 4 ??????????????????????????????????????????
T  = 23:9   0:73  10 3B2 K??????????????    ??????????????
??????????????????????????????????????? S ??
???????????????????????????? ? S ???? /2S =  0:73
mK T 2 ????
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? 8?
??????????????????
? 4??? 5?????????????????????????????????????
??????????????????  ??????????? 7 ?????????????
???????    ????    ????????????????????????????
??????????????????????????????
?????????????? ?????????????????????????????
????????? ?? ?????????????????????????? 6????
?????????????????????????????????????????????
????????????????????????????????????????????
?????????
8.1    ?????????????
??????    ??????????????????????   ???    ?????
?????????????????????????????????????????????
?????????????????????????????????????????????
??????????????????????????? 8.1 ???????????????
?????????????????????????????????????????????
?????????????????????????????????????????????
????????
????????N63-N64?????????????????????? 8.2 (a)??????
???????????Bc?? dM/dt ???????????????????????????
?????????????????????????????? Bc ?????????????
??? +?  ??????????????????????
????????????????????????????????????????????
???????????????????? (dB/dt) B=Bc ???????????????????
?????????????????????????????????????????????
????????????????????????????????????????????
? s??????????????????????????????????????????
??"????????????????????"???"?????????????"??????
???????????????????????????
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? 8.1: B-T phase diagram of oxygen obtained by the magnetization (circle) and magneto-optical absorp-
tion (triangle) measurements. B+c and B c denote the transition fields in up and down sweeps, respectively.
Initial temperature and the transition fields are plotted without any modification.
? 8.2: (a) Definition of the sweep speed of the field (B+/t+, B /t ) near the phase transition. (b)
Sweep speed dependence of the transition fields for the - phase transition. Color scale shows the
initial temperature measured just before the field generation. Circles and triangles show the results of the
magnetization and magneto-optical absprotion measurements, respectively.
???????????????????? 8.2 (a)?? B+/t+?B /t  ?????????
? B? t ??????????B+0?B 0????????????t+0?t 0???????????
?????????????????????????????????????? 8.2 (b)???
?????????????
????     ??????????????????????? 8.2 (b)??????????
???????????????????????????? ????????????????
???? T < 22 K ???????????????????????????????????
106 ? 8? ??????????????????
?????????????????????????????????????????????
???????????????????????????????B+c????????????
?B c????????????????????????????????????????
B+c = 0:69(5) B+=t+ + 108(2) T; (8.1)
B c =  0:05(6) B =t  + 72(2) T; (8.2)
?????????????????????????????????????????????
??????????????? B+0 = 108  2 T?B 0 = 72  2 T?????????? 8.2 (a)??
???????????????????
????????????????????B+c ??? B c ?????????????????
?????????????????????????????????????????????
??????????? 8.1?????????????? B+c ? B c ??????????????
?????????????????????????????????????? 6??????
?????????????????????????????????????????????
?????????????????????????????????????????????
????????????????????????????????????????????
?????????????????????????????????????????????
?????
?????B+c ? B c ??????????????????????????????????
???? ????????????????????????????????? ??????
??????????? 5?????????????????????????????????
??????????????????? [87]???    ??????????????????
?????????????????????????????????????????????
?????????
?????????? 8.2 (b)????????    ??????? B+c ? B c ????????
????????????????????????????????????????????
?????????????????????????????????????? 8.2 (b)???
???????????????B+c = 0:69 B+=t+ + 108 T????? y????????????
?????????????????????????????????????????????
????? ??????????????????????????????????????
????????????????????????????????????????????
????? 8.2 (b)????? ????????
8.2 ???????????? 107
8.2 ????????????
???????????????????????????????????????????
?????????????????????????????????????????????
???B c?????????????????B+c0??? 8.3?????????????????
???????????????????????????????? A???????????
??? 7????????????????    ?   ???????????????? 8.1?
?????????B+c ????????????????????????????????
? 8.3?????????????????????????????????????? 8.4?
????????????????? 15 < B+=t+ < 45 T/s????????????????
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? 8.3: B-T phase diagram of oxygen. B+c is shifted to the expected zero-speed value (B+c0) by taking into
account the sweep speed dependence.
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? 8.4: B-T phase diagram of oxygen. B+c is shifted to the expected zero-speed value (B+c0) by taking into
account the sweep speed dependence. Only the data obtained in relatively slower sweep speed conditions
(15 < B+=t+ < 45 T/s) are plotted.
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? 8.5: B-T phase diagram of oxygen. B+c is shifted to the expected zero-speed value (B+c0) by taking into
account the sweep speed dependence. Only the data obtained in relatively slower sweep speed conditions
(15 < B+=t+ < 30 T/s) are plotted. Bavec is plotted by black star. Black dotted line is shown for the
eye guide of Bavec .
? 120 < BMax < 145 T??????????????????B c???????????????
?????????????????????????????????????????????
?????????????????????????????
????????????????????????????? 8.5?????????????
????? 15 < B+=t+ < 25 T/s????????????????? 120 < BMax < 130 T??
??????????????????????????????????????   ?   ?
?????????????????????????????????????????????
?????????????????????????????????????????????
?????????????????????????????????????????????
?????????????????????Bavec = (B c + B+c0)=2???????????Bavec ??
????????????????????????????    ?   ???????????
??????40 K?????????Bavec ??????????????? 90 T????
??????????????????? 8.3-8.5??????????
1. ??????????????????????????????????????????
????????????
2.    ?   ?????????????????????????????
????????????????????????????????????????????
?????????????????????????????????????????????
? 8.3???????????????????? 15 < B+=t+ < 30 T/s??????? 8.5??
?????????????????????????????????????????????
?????????????????????????????????????????????
?????????????????????????????????????????????
?????????????????????????????????????????????
8.2 ???????????? 109
??????????????????
??????????????????????? 7????????????????????
???????????
dT=dB =  M=S ; (8.3)
??????????????????????????????M??????????S??
????????   ?    ?????????????????????????????? 4
?????????????????????????????????????????????
???????????????
    ?????????????????????????? 4 ????????????
    ???????????????? M   1B=O2 = 5:6 J/mol ????? 8.5 ??    
?????????????????? jdT=dBj  > 5 K/T ?????????? jS j  < 1:1
J/Tmol= 0:13R???????????   ?????????????????? S   = 3:92
J/Tmol= 0:472R [67] ????????? ??  ?????????????????????
???
????    ?????????????????????    ??????????????
?????????????????????????????????????????????
?????121 T????????N134-N135????? 0.4B=O2 ??????????????
?????????? 0:4 < M  < 1:5B=O2 ???????????????????????
?? 1 < (dT=dB)  < 102 K/T???????  8:4 < S   < 0 J/Tmol????????????
 1:0R < S   < 0???????????????? ???????????????????
??? ???? ???????????????????????????????????
????   ?????????????????? S   = +17:0 J/Tmol = +2:04R?????
? [68]?   ????????????????????? ?????????? ?????
????????????????  ???????????????????????????
?????? ??????????????????????
???????????????????    ????     ?????????????
????????
 S   S  < S ?jS j  < 0:13R?S   = 0:472R
 S  < S  << S ?0 < S   < 1:0R?S   = 2:04R
??????????????????? S   S  < S  << S  ???????????? ??
????????????????????????????????????????????
?????????????????????????????????????? ????
?????????????????????????
???????????????????????????????    ??????????
????????S   > S  ? 2:04R??????????????????????????
????????????????????? 4 ????????????????? 120 T??
??????? ??? ??????????????M  0??????????    ??
????? (dT=dB)  = 0????? 8.6?????????????????????????
?????????????????????????????????????????????
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? 8.6: B-T phase diagram of oxygen modified from Fig. 8.5. The
- boundary is added by the dotted line.
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? 8.7: Expected B-T phase di-
agram of oxygen.
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??????????   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1. ?????????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2. ????????s???????????? 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?? ????????
???? 1??????????????????? 7?????????????    ???
?????????????????????????????????????????????
???????????????    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??????????
??   ?????????????????????????????????? 8.6????
????????????????????????????
????????????????????????????????????????????
?????????????????????????????????????????????
???????????????????????????????? T  = 43:8 K?T  = 23:9
K????????????????????????????????????????????
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? 8.8: B-T phase diagram of oxygen for the scenario 1 modified from Fig. 8.6. The extrapolated -
and - phase boundaries are shown by dotted curves. The temperatures of Bavec are decreased to the
triple points if they go through the boundaries.
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? 8.9: B-T phase diagram of oxygen for the scenario 2. The extrapolated - and - phase boundaries
are shown by dotted curves. The dotted circle indicates the metastable phase boundary.
???? 8??????????????????????????? 100 T??????????
????????????????????????? 8.6??????????????????
?????????????????????????????????????????? 8.8?
???
???? 2?????????????????? 8.6????????????    ?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?
????????????????????????????????????????????
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? 8.10: Normalized transmission intensity of  phase
taken from Fig. 5.23.
(a)
(b)
β+γ
γ+β
β+γ
γ+θ
γ+β
α
α
θ
θ
β
β
γ
γ
? 8.11: Pathes of the measurements
N165 (a) and N170 (b) in B-T plane.
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   ??????????? 8.6???????????????
???????????????????????????
?? 2???????? 8.9????"?"???????????????? ????????
??????????????????? ??????????????????? 1?????
8.8????????
?? 1??? 2?????????????????????????????????????
?????????????????????????????????????????????
?????????????? 5??????????????????????????? ??
?? ??????????????????????????????
? 8.10??T  ?????????? ?????????????????????????
?????????????????????????40 K????????N29? N170???
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N29? N170????    ????????????????
?? 1 ??? 2 ?????????????????? 8.10 ??????????? N165 ?
N170?????????N165? 41.8 K?N170? 38.0 K????????     ???????
???? 2??????     ???????????????N165? N170?????????
????????????    ????????????????????????N165 ???
??????????  ????????????    ???????????????????
?????? 2????? 1?????????????????N170?????? ?????
??????????????????? ?????????????????
N165?????????????????????????????????????????
?????????????????????????????????????????????
???????????????? ????????   ?????????????????
????? ???????????????????????????????????????
????????????????????????????????????????????
???????????????????????
???????????????N165 ? N170 ????????????????? 8.11 ??
??N165???T  ??????????????100 T???    ????????????
?????????????? N170??    ?????????       ??????????
?     ???????????????????????????????????    ???
????????????????
   ??????????? 1??? 2?????????????????????????
?????????????????????????????????????????????
????????????????   ??????????????????????????
???????   ????????????????????????????   ?????
?????????????   ?????????????????   ??????????
??????????????????????????????????????
?????????????????? 1?? 8.8?????????????????????
?????????????????? 8.7?????????????????????????
???   ??????? T   31 K????????????????????????? 31
K??????????????????????   ???????????????????
?????????????    transition of solid N2?? 36 K [104]?????????????
?????????????????????????????????????????
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? 120 T?????????????????????????????????????????
???????????????????????? 8??????? ????????????
????  ???????????????????????????????????????
????????????????????????????????????????????
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9.1 ?????????
?????????????????????????????????? 9.1????????
???????? ????????B > 90 T?T < 31 K????   ?   ?????????
????????????????????????????????????    ??????
??????????????????????????????? 4?????????????
?????????????????????S   S  < S  << S  ??????
????????? ??????????????????? ??????????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? 9.1: Proposed B-T phase diagram of solid oxygen. The data plots are taken from Fig. 8.8.
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????????????????????????????????????????????
??????????????????? ?????????????????????????
?????????????????????????????????????????????
????????????????????????????????????????????
???
????????????????????????  ??????????????????
?????    ?    ??????????????????????????????????
?????????? ???? ??????????????????? 2????????
?????????????????????????????????? ?????????
??????? H????????????????????????????????????
????????????????????????????????????????????
???????????????????????????????????????????
???????????????????????????????????????????
?????????????????????    ?   ??????????????????
?????????????????????????????????????????????
?????????????????????????????????????????????
?????????????????????????????????????????????
?????????????????????????????????????????????
?????????????????????????????????????????
????????????????????????????????????????????
????????????  ??  ????????????? ??monoclinic, C2=m??  ?
?rhombohedral, R3m?????????? c?????????????????????????
?????????????????????????????????????????????
???????????????????????????????  ??cubic, Pm3n?????
????????????????????????????  ???????????????
?????????????????????????????????????????????
????????????????????????????????????????????
????????????????????????????????????????????
????????????????????????????????????????????
??????
?????????????? ?????????????
1. ???????????????????
2. ????????????????
3. ??????????????
????? ??????????????????????????????????????
????????????????????????????? N2?F2?Cl2?Br2?I2?N2O?CO?
CO2 ???????????????????????? [104–109]??????????????
?????????????????????????????????????????????
???????????????????????monatomic metallic state of iodine?Fm3m [108]?
?????????????polymeric nitrogen [110]?polymeric carbon monoxide and dioxide [105]?
116 ? 9? ??
? 9.2: Pa3 cubic structure.
d
σ
? 9.3: Phase diagram of diatomic molecular solid as a function
of d= and q [111].
??????????????????????????????????? Pa3?-N2?N2O?
CO2??P213?-CO??Pm3n?-N2?-F2?? 3???????????P213? Pa3??????
?????CO???????????????????????????????Pm3n????
? ??????????????????????????????????????????
??????????????????  ????????????????????Pa3 ???
???
? 9.2? Pa3?????????????????????????N2?0 K< T <36 K??N2O?0
K< T <182 K??CO2?0 K< T <217 K??CO?P213, 0 K< T <62 K??????????? [104]?
?????????????????????????????????????????????
????????????????????? ???????????????????
????????Pa3??????????????????????????????????
??????????????Pa3?????????????????????????????
?????????????????????????????????????????????
?????????Pa3???????????????????????????? Pa3???
?????????????????????????????????????????????
???????????????
????? 9.3??????????d=????????????q?????????????
?????????????????????? [111, 112]??????????????????
????????????? d???????????? ???????????????? d=
????????? 9.3???????????d= = 0??????????d=???????
?????????????????????Pa3??????????????????????
???????????????????????????????? Pa3??????????
?????????????????????? d= = 0:397?q =  0:39=10 26esu cm2 ?????
?? [111]??????????? Pa3?cubic??P6m2?hexagonal??R3m?trigonal, -O2????
?????????????????????????? Pa3?????????????????
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? 9.4: Schematic difinition of the molecular alignments [22].
?? Pa3??????????????????????????????Pa3???????
??????????????????????????? ~e = 1=
p
2(1 1 0)???????????
????????????????~r1 = 1=
p
3 (1 1 1)?~r2 = 1=
p
3 (1 -1 1)????????????
???? 9.4???????????????????a?b??????????????????
????????????????????????? Pa3???????? (a, b, ) = (35.26,
90, 54.67)?????????? X??????? T????????????????????
?????????????????????????? H??????????????????
H???????????????????????????????????????? Pa3?
?????????????????????????????????????????????
????????????????? J ????????????????? [26, 27, 29, 113, 114]?
?????????????????????????????????????? Pa3?  ??
??????????????
????????????? ????????? Pa3??????Pa3???????????
??????????????? ???????????????????????????Pa3
?????????????????????????????????????????????
???????????????? X???????????????????????????
?????????????????????????????????????????
?????????????? ?????????????????????????????
? LDA?Local Density Approximation????????????????????????????
?????????????????????????????????? [115]????????
?????? ???????????????????? ?????????????????
?????????????????????????????????????? [116, 117]??
???????????????????????????????????????
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???? ???????????????????????????
???????????????????????????
   ?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????????????????????????????????????????????
?????????????????????????????????????????????
?????????????????????????????????????????????
???????????????????????????????????????????
????????????????????????????????????????????
????????????????????????????????? s??????????
?????????????????????????????????????????????
?????????????????????????????????????????????
?????????????????????????????????????????
   ?????????????
    ?????????????????????????????????????????
?????????????????????????????????????????????
?????????????????????????????????????????????
?????????????????????????????????????????????
?????     ???????????????????? ????????????????
?????????????????????????????????????????????
?????????????????????????????????????????????
????????????????????
??????????????????????????
???????????????????????????????????????????
??????????????????56 T????????????????????????
????????????????????????????????????  ???????
?????????????????????????? ?? ??????????????
?????????????????????????????????????????????
????????????libron?phonon???????????????????????????
???????????????????????????????
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   ?   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?????????????????????????????????????????????
?????????????????????????????????????????????
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   ?????????????
?????????????????????????????????????????????
?????????????????????????????????????????????
??????????????????????????????????
???????????
????????????????????????????
??????????
?????    ?   ????????????????????????????????
?????????????????????????????????????????????
????????????????????????????????????????????
?????????????????????????????????????????????
???????? 6 K???????????????????????????????????
???? ????????????????????????????????????????
?????????????????????????????????????????????
????????????????????? 10 1 K?????????
?????????
????? ???? ????????????????????????????????
????????????????????????????????????????????
?????????????????? 68 T????????????????????????
?????????????????????????????????????????????
?????????????????????????????????????????????
????????????????????????????????????????????
?????????????????? 68 T????????????????????????
?????????????????????????????????????????????
?????????????????????????????????????????????
???????????????
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????????????
???????????????????????????????????????????
??H??????????????????????????????????????????
????????????????????????????????????? 126.6 T????
?????????????????????????????????????????????
?????????????????????????????????????????
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